Background: The ability of the periodontal ligament (PDL) to absorb and distribute forces is necessary for periodontal homeostasis. This adaptive response may be determined, in part, by a key molecule, periostin, which maintains the integrity of the PDL during occlusal function and inflammation. Periostin is primarily expressed in the PDL and is highly homologous to big-H3 (transforming growth factor-beta [TGF-b] inducible gene). Cementum, alveolar bone, and the PDL of periostin-null mice dramatically deteriorate following tooth eruption. The purpose of this study was to determine the role of periostin in maintaining the functional integrity of the periodontium.
T he structure and function of the periodontal tissues are intimately related to occlusal function. The periodontal ligament (PDL) is a functionally important tissue in tooth support, proprioception, and regulation of the alveolar bone volume. 1 Current research 2, 3 suggests that PDL cells respond directly to mechanical forces and adapt to the mechanical challenge by activation of mechanosensory signaling systems, cytoskeletal changes, and extracellular matrix organization.
Although there is a large body of evidence demonstrating the importance of the PDL for the load-related bone remodeling in periodontal homeostasis, [4] [5] [6] [7] [8] [9] [10] [11] many of the molecular mediators of adaptive responses remain to be elucidated. In particular, there is a compelling need to identify molecules that are critical in the pathways regulating the structural characteristics and function of the PDL. Previously, we reported dramatic posteruption PDL defects that resulted from the in vivo deletion of periostin. 12 Periostin, a secreted disulfide-linked 90-kDa protein, was originally termed osteoblast-specific factor-2 (Osf-2) when first isolated from the mouse MC3T3-E1 osteoblastic cell line. 13 Because several other factors at the time were called Osf-2, the protein was renamed ''periostin,'' based on its localization in the periosteum and PDL, suggesting a potential role in bone and tooth formation and the maintenance of structure. 14 Periostin was reported to support MC3T3-E1 cell attachment and spreading and a v b 3 and a v b 5 integrin-dependent cell adhesion and cell motility. 14, 15 Periostin's capacity to interact with cell membrane and extracellular matrix supports a role in the activation of the Akt/ protein kinase B pathway to promote cellular survival. 16 It also was suggested that periostin is an important mediator of the biomechanical properties of fibrous connective tissues because it can regulate collagen I fibrillogenesis. 17 Wilde et al. 18 demonstrated that periostin mRNA was upregulated in compression sites compared to tension sites of the PDL after mechanical stress in the experimental tooth movement model. Periostin mRNA expressed by PDL fibroblasts. Periostin in situ hybridization showing its localization to PDL fibroblasts within the dental alveolar area (A). Note that the in situ hybridization signal (red color) is contained within the PDL spaces. B) Higher-magnification image clearly depicting the periostin message within the PDL fibroblasts but not in the osteoblasts or the cementoblasts. (Original magnification: A, ·4; B, ·20.)
Figure 2.
Loss of periostin results in dramatic periodontal defects. A) Within the periodontal attachment apparatus, periostin localizes exclusively within the PDL as shown here by immunostaining (brown color). B) With normal periostin expression, as in the wild-type control mice, the periodontium can be described by a well-defined (a) gingival tissue, (b) cervical epithelial attachment, (c) intact crestal alveolar bone, (d) narrow and regular PDL thickness, and (e) appropriate thickness of root cementum. C) In the absence of periostin (periostin-null mice), several defects become evident after the tooth eruption. The null periodontium displays (a) enlarged gingival tissue, (b) attachment loss, (c) irregular PDL, (d) dramatic alveolar bone loss, and (e) external root resorption. D and E) The periodontium of the null and wild-type animals appears intact when the teeth are unerupted. F) The wild-type adults maintain an intact and functional periodontium. G) The adult null animal develops rapid alveolar bone loss and obvious enamel defects affecting the incisors. (Original magnification: A, ·20; B and C, ·4.)
Later, it was shown that a transient decrease in periostin mRNA levels occurred during conditions of induced hypofunction, 19 which suggests that occlusal forces have a putative role in periostin expression in the PDL and that its expression might be functionally determined by the mechanically challenging environment. Periostin was shown to be regulated by TGFb, 14 a multipotent factor known to regulate matrix production. TGF-b is activated when released from a large latent complex by factors such as low pH and proteases. 20 The latent TGF-b complex can also be activated by mechanical stretching. 21 The purpose of this study was to investigate the importance of periostin in the function of the PDL. We hypothesized that periostin is regulated by mechanical stress and its expression is essential for the integrity and function of the PDL.
MATERIALS AND METHODS

Mouse Maintenance and Husbandry
Periostin knock-out mice that were generated and described previously 12 were weaned at 3 weeks of age and fed distilled water and pellets. i Mice were maintained under specific pathogen-free conditions with a 12-hour light/12-hour dark cycle. The animal use protocols were approved by the University of Missouri Kansas City Institutional Animal Care and Use Committee. Genotyping was determined by polymerase Periodontal defects worsened with age in the periostin-null mouse. A) Normal periodontal development and homeostasis in the control mouse. B) In the periostin-null mouse, molar teeth develop normally as reflected in the 7-day image. However, significant periodontal changes occur after the teeth erupt and start to sustain a normal occlusal load. The periodontal abnormalities can be detected radiographically at 3, 5, and 7 months, demonstrating a tendency to worsen with age. C and D) Micro-CT visualization of the periodontal tissues confirms the presence, extent, and severity of these defects (red arrows) and clearly accentuates the dramatic periodontal difference that results from a complete lack of periostin expression. In addition, notice the complete obliteration of the incisor pulp chamber (green arrow). 
Radiography
Radiographs were used as a non-invasive means to measure changes in the periodontium. Radiographs were taken using a radiographic inspection unit with digital image-capture capabilities. ¶ Digitized images were analyzed using the analysis software to measure and evaluate PDL space, incisor enamel defects, and general alveolar bone loss.
Microcomputed Tomography (mCT) Scanning and Analysis
Each mandibular specimen was scanned and reconstructed at 18 · 18 · 18-mm voxels using a mCT system as previously described. 22 A three-dimensional volume viewer and analyzer software were used as the tool for three-and two-dimensional visualization and quantification. Linear bone loss was obtained by measuring the distance from the cementoenamel junction to the alveolar bone crest or to the base of the alveolar intrabony defect at the mesial surface of the mandibular second molar teeth. The measurements of coded specimens were made by two independent, calibrated examiners.
The Occlusal Hypofunction Model and Histologic Preparation
A model of occlusal hypofunction was developed to determine the in vivo effect of the lack of periostin on the periodontium's response to mechanical loading (occlusal function) and unloading (occlusal hypofunction).
To eliminate occlusal force on the right side, the mandibular incisors were trimmed weekly, using surgical clippers, to reduce the right incisor's edge starting at 10 days of age for 3 months. Six 10-day periostin-null mice per treatment group were used in this study.
The animals received water and regular diet freely after the procedure. At the end of the 3 months, the mice were sacrificed, and the dissected maxillary and mandibular specimens were immediately immersed in fixative (4% paraformaldehyde) overnight at 48°C. The tissues were decalcified with 19% EDTA solution # (pH 7.4) at 48°C for 3 weeks then dehydrated and embedded in paraffin. The tissue blocks were cut into 4-mm-thick mesio-distal serial sections and mounted on glass slides.
Immunohistochemistry
Immunostaining of periostin was performed on paraffin sections. Sections were incubated in blocking solution and goat serum for 15 minutes.** Primary affinity-purified anti-periostin antibody was diluted 1:6,000 in 0.1 M Tris (pH 7.6)/1% bovine serum albumin (BSA) for ‡1 hour. Slides were washed in 0.1 M Tris (pH 7.6)/1% Tween and incubated for ‡30 minutes with goat-rabbit-biotinconjugated secondary antibody diluted 1:1,000 in 0.1 M Tris (pH 7.6)/1% BSA. † † Slides were washed in 0.1 M Tris (pH 7.6)/ 1% Tween and incubated for 10 minutes with biotin tyramide amplification reagent ‡ ‡ and processed as described by the manufacturer. After diaminobenzidine staining, sections were counterstained with hematoxylin.
Cell Culture
For this study, we used a cell line known as PDL-L2, which has been found to mimic the gene expression of the PDL in vivo. 23 Briefly, this cell line was derived from molars from 5-week-old transgenic mice harboring the temperaturesensitive SV40 large T-antigen gene. Cells were placed in flexible gel substrate six-well tissue culture plates, § § coated with collagen type I containing Dulbecco's modified Eagle's medium, ii supplemented with 10% fetal bovine serum, penicillin G (100 IU/ml), and streptomycin (100 mg/ml), and incubated at 33°C and 5% CO 2 in air.
Application of Tensional Force to the PDL Cells A cyclic tensional force was applied to PDL cell cultures, using the cell culture-loading stations, ¶ ¶ by a procedure described by Banes et al. 24 Briefly, cells at passages three and four were cultured (1 · 10 5 cells/well) on flexiblebottomed culture plates for 48 hours until they became subconfluent. Fresh media were added every 24 hours until the application of the mechanical stress. To apply a tensile strain to the cells, the flexible bottoms of the plates were deformed to various extents by a computer-operated vacuum system. Cells were elongated (deformed) at six cycles/minute (i.e., 5 seconds on and 5 seconds off) and subjected to each of the three levels of strain (1%, 14%, and 20% increase in surface area of the bottom) for 48 hours.
Non-stretched cells were used as controls. Cyst formation in the ameloblast layer and detached cementoblasts in the periostin-null peridontium.
A) The wild-type adult mice present a well-organized ameloblast layer composed of polarized cylindrical simple epithelium. B) The periostin knock-out mice display a disorganized pseudostratified epithelial layer that is poorly attached and appears to produce an amorphous matrix that covers the dentin and that is also present ectopically within this matrix-producing organ. C and E) Normal attachment and distribution of cementoblasts at the root surface (arrow) in the wild-type control. D and F) Periostin-null periodontium. Notice the absence of cementoblasts and an apparent disengagement of the PDL from the root surface. Note the absence of cementoblasts attached to the root surface (arrow 
Statistical Analysis
The significance of differences between mean values of experimental and control groups were determined by one-way analysis of variance. A P value <0.05 was considered significant.
RESULTS
Tissue and Cellular Defects Within the PDL in Periostin-Null Mice
Within the periodontium, the PDL fibroblasts, not the cementoblasts or the osteoblasts, were the cells that expressed periostin (Fig. 1) . Once the molecule was secreted, it was distributed within the extracellular PDL space (Fig. 2A) . When adult normal periodontium was compared to that of periostin-null mice, the differences were dramatic (Figs. 2B and 2C ). The periodontium deteriorates with time. It is characterized by severe alveolar bone loss along with attachment loss, external root resorption and widening of the PDL. However, before tooth eruption, no defects were observed in the periostin-null mouse (Figs. 2D and  2E ). Once the teeth erupted and started sustaining the occlusal load, the lack of periodontal integrity became obvious in the null mice and lead to alveolar bone defects and malformed incisors (Figs. 2F and 2G). In contrast to the normal mice, the periodontal defects in the periostin-null mice worsened over time (Figs. 3A and 3B) . The dramatic loss of periodontal support often resulted in premature tooth loss or pathologic migration, particularly of the third molar. The three-dimensional characteristics of some of these defects can be clearly observed in the mCT images (Figs. 3C and 3D ). Linear quantitation of the alveolar defects clearly demonstrated a significant difference compared to normal control mice (Fig. 4) .
Within the PDL space of the incisors, rodents have a force-resistant, cylindrical, single-layer epithelium of Incisal reduction of the lower incisor rescues the phenotype. A) The hypofunction condition was created by taking one mandibular incisor of the periostin-null mice out of occlusion by trimming the incisal edge weekly for 3 months starting at 10 days. B) The contralateral incisor was left intact to be used as an internal control. Arrows denote normal anatomy in A and altered anatomy in B.
ameloblastic cells that is responsible for the formation of enamel found on the incisor's facial surface. The integrity of this layer remained undisturbed even under the mechanically challenging environment that developed after the incisors fully erupted. In the periostin-null mice, the ameloblast layer maintained its integrity while the incisors were unerupted, and the enamel layer developed normally. However, after eruption, the integrity of the enamel layer in the periostin-null mice was compromised, and a deformed, irregular enamel layer formed (Figs. 5A and 5B).
Cementoblasts are another type of cells found within the PDL; they are responsible for the formation of cementum. Cementoblasts are recruited to the root surface and attach to it, engaging the PDL fibers to the tooth (Figs. 5C and 5E ). In the periostin-null mice, the cementoblasts failed to attach to the root surface, thereby compromising the attachment apparatus (Figs. 5D and 5F). Figure 6A illustrates the reduced mandibular incisors, and Figure 6B shows the intact side in the same mouse. The right mandibular incisor was reduced weekly, whereas the tooth on the left side was allowed to erupt normally and sustain normal occlusal loads. The results were striking; in the absence of a mechanically challenging environment, no enamel or periodontal defect developed (Fig. 6A) . However, the opposing incisor presented the defects because it continued to sustain indirect load from the contralateral mandibular incisor (Fig. 6B) . Histologically, the ameloblast's morphology remained relatively intact in the absence of load (Fig. 7A) , whereas the loaded side developed the characteristic defects (Figs. 7B  and 7D ). However, regularly spaced small defects are still seen in the enamel layer of the reduced side and might have resulted from the weekly reduction of the incisors (Figs. 7A and 7C) . The characteristic widening of the PDL space in the periostin-null erupted teeth was almost entirely corrected by decreasing the mechanical stress to this tissue (Fig. 8) . Linear quantitation of the periodontal defect in the periostinnull mice showed ;50% PDL width reduction when measured from the alveolar bone to the root cementum. In addition, it can clearly be seen that the cementoblasts were recruited and able to attach to the root surface in the periostin-null reduced incisor (Fig. 8C) .
Tooth Unloading Model for the Removal of Occlusal Force
TGF-b Was Responsible for Increased Expression of Periostin in Response to Mechanical Loading of PDL Cells
In Vitro PDL cells were exposed to various magnitudes of tensile strain for 0, 6, 24, 48, 56, 72, 96, and 120 hours and subsequently analyzed for periostin mRNA expression (Fig. 9) . Real-time PCR analysis revealed a time-dependent increase in periostin occurring in the 14% strain group (Fig. 9A) , reaching a 3.2-fold increase after 24 hours followed by a greater increase at 48 hours. After cessation of the stretching regimen, periostin mRNA levels rapidly decreased to levels of expression similar to those found in the control group, remaining stable over time. The expression of periostin mRNA in the 1% strain group did not show any significant changes over the 48-hour regimen of substrate strain (data not shown). A baseline level of periostin seemed to be maintained, even in the absence of load. Because TGF-b was shown to be regulated by loading and to regulate periostin expression, 14, 21 we examined TGF-b expression and used neutralizing antibody to this growth factor. Like periostin, TGF-b mRNA was also upregulated under the same stretching regimen. The TGF-b response preceded that of the periostin gene where maximal expression was observed at 12 hours for TGF-b and at 48 hours for periostin (Fig. 9B) . The potential regulation of periostin by TGF-b was tested by incubating the PDL cells with TGF-b1 neutralizing antibodies; the periostin response was blocked completely (Fig. 9C) .
DISCUSSION
The present study was designed to determine the role of periostin in the PDL to maintain function during mechanical loading. Knowing the detrimental effect of functional load in the absence of periostin, we investigated the effect of hypofunction in the periodontium of periostin-null mice. We hypothesized that periostin is regulated by mechanical load and that its functional importance is diminished under conditions of occlusal hypofunction. Although several methods were used in previous studies 19, 25 to create experimental periodontal hypofunction, mechanical occlusal reduction was chosen to produce occlusal hypofunction in our studies. We found this method to be the least invasive and most reproducible to achieve hypofunction. In addition, unlike the soft diet method, this method allowed us to use the contralateral side as a corresponding control.
By clipping one of the incisors, the mechanical stimulus that is detrimental to the PDL as well to the ameloblast layer in the periostin-null mouse was significantly reduced. As in the case of unerupted teeth, no significant mechanical challenge was transferred from the tooth to the periodontium. The non-clipped side developed the characteristic pseudostratified ameloblast layer favoring the formation of cyst-like structures. In contrast, similar to the wild type or the unerupted incisors on the reduced loading side, the ameloblast layer maintained its integrity and was able to form a fairly normal enamel surface. Regularly spaced small defects were detected along the epithelial layer and the unmineralized enamel surface on the clipped side. These small defects were transient and did not compromise the overall integrity of the enamel-producing organ. Its pattern of appearance led to the conclusion that these defects were caused by the mechanical loading of the tooth during the clipping process. The ameloblast morphology recovered between these defects at regular intervals, lending support to this hypothesis. These transient stimuli were transferred and, in the absence of periostin, were Partial rescue of the PDL by removal of occlusal force. A) Wild-type PDL space: alveolar wall is intact and the root surface is covered by attached cementoblasts. In addition, the PDL fibers are well organized. B) Null PDL: untrimmed side. The alveolar wall is irregular and discontinuous, there is lack of attachment of cementoblasts to the root surface, the PDL space is widened, and the PDL fibers lack organization. C) Null PDL: trimmed side. Histologically, the PDL width has decreased close to that of the wild-type mouse, the orientation of the fibers appears mildly affected, and the adjacent alveolar bone wall recovers its continuity. D) PDL width calculated in microns from comparable areas in all three groups (*P <0.05). (Original magnification: A through C, ·10.) Arrows depict PDL width.
clearly strong enough to elicit reversible loss of integrity and compromised attachment of the ameloblasts in the epithelial layer.
Periostin expression was shown to increase in areas of compression and decrease in areas of tension in the tooth-movement model. 18 In the periostin-null mouse, severe periodontal defects develop after the teeth erupt and begin to sustain occlusal loads. 12 These findings suggest a mechanical feedback regulatory mechanism of gene expression important for periodontal integrity.
Several interactions between cells and a diverse mixture of matrix proteins take place within this very narrow, yet precisely regulated, space. Particularly interesting is the exclusive expression of periostin by PDL cells. Within the periodontium, periostin is highly expressed and specifically present in the PDL, and its expression increases in the adult fully erupted dentition. 26 In addition, it was reported that orthodontic force induced divergent changes of periostin mRNA expression between the compression and tension sites of the PDL. 18 After teeth erupt in the periostin-null mouse, the periodontium deteriorates with time, and severe alveolar bone loss, attachment loss, external root resorption, and widening of the PDL clearly develop within a highly inflamed background. 12 This compromised integrity of the periodontium found in the adult periostin-null mice contrasted with an entirely normalappearing and structurally stable periodontium found in the control mice. However, these detrimental changes to the tooth-supporting tissues were not evident prior to tooth eruption.
The use of the murine animal model provided additional evidence that periostin is an important molecule in the attachment and integrity of the various cells within the PDL space. Within the PDL space of incisors, rodents possess a force-resistant, cylindrical, single-layer epithelium of ameloblasts cells that is responsible for the formation of the enamel found on their incisor's facial surface. The integrity of this layer remains undisturbed, even in the mechanically challenging environment that develops after the incisors fully erupt. In the periostin-null mice, the ameloblast layer maintained its integrity prior to incisor eruption coincident with normal enamel layer development. However, after eruption, the integrity of the periostinnull enamel layer was compromised, and a deformed, irregular enamel layer formed.
PDL and alveolar bone cells are exposed to physical forces in vivo after the teeth completely erupt. The PDL may be the medium of force transfer and the means by which alveolar bone remodels in response to applied forces. Therefore, it is important to understand and explore the factors that contribute to the biophysical attributes of the PDL. In this study, we tested the in vitro ability of PDL fibroblasts to respond to mechanical strain to regulate periostin expression and, therefore, regulate its availability during normal occlusal function. A wide range of approaches to model external force application in vitro have been used. These include subjecting cells to shear stress, hydrostatic pressure, and strain of deformable substrates. 27 Substrate stretching represents a validated Mechanical strain modulates periostin mRNA expression in PDL fibroblasts through TGF-b1. A) Time course variation of periostin mRNA levels following 14% stretching regimen. Periostin mRNA increased by 3.8 and 9.2-fold at 24 and 48 hours (h), respectively. The letter P = unloaded culture time points. B) Changes in TGF-b mRNA levels are ahead of that of periostin after mechanical stretching. TGF-b mRNA increased by 6.9-, 16.7-, 2.5-, 3.4-, and 3.6-fold at 6, 12, 24, 36, and 48 hours, respectively. C) Neutralizing TGF-b antibody (2.5 mg/ml) sharply reduced periostin response to mechanical stretching in PDL cells. *P <0.05; **P <0.005. method for tensional force that closely mimics the strain to which the PDL is subjected during mastication or tooth movement. We found an increase in periostin expression during loading that decreased upon cessation of loading. We also found an increase in message for TGF-b, a multifunctional cytokine shown to be a potent inducer of matrix protein expression 20 and of periostin. 14 The use of neutralizing antibody to the TGF-b1 isoform completely blocked the effects of loading on periostin expression. These data suggest that mechanical loading most likely activates TGFb1 from its latent complex, which, in turn, stimulates periostin production.
CONCLUSIONS
The periostin response to mechanical loading was controlled by TGF-b in PDL fibroblasts, potentially through the activation of latent TGF-b. Collectively, the in vivo and in vitro data highlight the functional importance of periostin in maintaining the structural integrity of the periodontium during occlusal function.
